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Tip-timing is a technique for measuring rotating blades vibrations in operation. Its concept exists since the early 70s but it has been more experimented in the last decade through improvements in hardware and software capabilities. It consists of a set of sensors mounted on stator casings that record blade passing times. Then, from this measurement, blade vibrations can be estimated.

Tip-timing technique presents several advantages compared to usual mean of measurement: strain gages. Indeed, installation is easier, it is non-intrusive and all the blades can be monitored.

However, resulting sampling depends on physical configuration i.e. number of sensors. In practice, as the number of sensors is limited, sampling rate is low in relation to the physical observed frequencies and do not respect the Shannon criterion. Thus, it generates important aliasing effects in spectrum, which makes the analysis difficult. In fact, such measurements aim to lead to pseudo-blind analysis, especially for asynchronous vibrations, when there is no hypothesis of underneath structural model.

This main problem of aliasing is partially softened by using a minimum variance spectral estimator that iteratively reduces non-physical content in spectrum, but pseudo-blind analysis remains complicated.

This paper presents a comparison of several methods based on different multisampling averaging concepts for reducing aliasing. Multisampling averaging consists in averaging spectrums from different sampling patterns of the same original signal, so that only stable physical content remains in the final spectrum. This study is presented on different industrial test cases of blade vibrations.

INTRODUCTION

Blade dynamic measurement is essential for turbomachine manufacturers as it enables to predict and manage blade vibrations in operation.

This research aims to conduct blind analysis, namely without any assumption of underneath structural model. From this constraint, the most relevant post-processing method appears to be non-parametric, as the Fourier Transform. This method is used with the usual mean of blade vibrations measurement: strain gages.

However, manufacturers have recently started to implement a measurement technique called tip-timing. It consists in a set of sensors located on the stator at different angular positions (Fig. 1) which record the discrete blade passing times. Then, amplitude vibrations are estimated from these sampled times and the rotation speed (Fig. 2). Tip-timing has several advantages compared to strain gages: its implementation is easier (which implies a lower cost), it can monitor all the blades and it is not intrusive. Some difficulties appear in the post-processing step because of the specific sampling pattern. Firstly, the sampling rate is lower than the Nyquist rate, which yields an important amount of aliasing in spectral estimation. This particularity is the main challenge when making blind analysis from tip-timing data, because physical content can be mixed with artifacts. Secondly, the sampling is irregular, due to the irregular sensor locations, thus it does not allow the use of traditional spectral estimators such as the Fast Fourier Transform.

Usual post-processing methods for tip-timing spectral estimation distinguish two types of vibrations: synchronous (the frequency is a multiple of shaft speed) and asynchronous. Methods for analyzing synchronous vibrations are mostly based on model fitting and use preliminary known information such as the engine order, see [START_REF] Carrington | Development of blade tip-timing data analysis techniques[END_REF]. Asynchronous vibrations estimation methods are less developed. Indeed, asynchronous vibrations do not depend on shaft speed, thus excitation is not mastered and modeling is very difficult. In that case, the more practical method is non parametric as it does not require any assumption of the underneath structural model, see ABS method in [START_REF] Zielinski | Noncontact vibration measurement on compressor rotor blades[END_REF] and multi-sampling method in [START_REF] Beauseroy | Nonintrusive turbomachine blade vibration measurement system[END_REF].

Thus our research aims at working on non parametric methods, which are able to estimate both synchronous and asynchronous vibrations occurring in real test cases.

Recent works have been made on the minimum variance spectral estimator (MVSE) in tip-timing context, see [START_REF] Stéphan | Tip-timing data analysis for mistuned bladed discs assemblies[END_REF]. It is a frequency estimator based on variance minimization and it carries out an iterative process which enables to reduce a certain amount of aliasing.

However, aliasing can still remain in the final spectrum, depending on signal total power and signal to noise ratio. Therefore, this paper intends to present the investigations that have been made on that topic. Given that aliasing amount and pattern depend on sampling rate and pattern, some methods that impact the sampling are proposed. These methods are all based on MVSE and present different ways of sampling and filtering, in order to disrupt the original signal.

Firstly, this paper briefly recalls the principle of tip-timing and explains the aliasing phenomenon in the specific case of tip-timing signal. MVSE algorithm behavior is also reminded. Then, the paper describes the choice of the different methods investigated, and discusses their respective relevance on real industrial test cases. Finally, some perspectives are proposed in order to better characterize generation of aliasing in case of irregular data.

TIP-TIMING SPECIFIC SAMPLING AND GENERATED ALIASING

In this context, tip-timing signal have two important characteristics.

The first characteristic is that tip-timing signals are highly under-sampled. That is to say the sampling frequency (F s ) is lower than twice the maximal frequency contained in the signal (Nyquist-Shannon criterion). This last quantity is called the Nyquist rate (r Ny ) and is a property of the signal frequency content. It is recalled that the sampling frequency determines the frequency and its multiples at which the frequency content replicates in the spectrum. Therefore, if the sampling frequency is lower than the Nyquist rate, replications can interfere with true content and distort results. In our context, the sampling frequency can be less than half the Nyquist rate.

However, despite the low sampling frequency, the interference risk can be also avoided, according to the Landau theorem, see [START_REF] Landau | Necessary density conditions for sampling and interpolation of certain entire functions[END_REF]. Indeed, in our vibration context, spectral content consists of few narrow frequency bands, and their total width is assumed to be less than half the sampling frequency, which ensures that all components remain measurable.

The second characteristic concerns the irregularity of the signal. In fact, signal is sampled following an irregular time pattern which periodically repeats at each rotation time; the pattern is defined by the sensors locations. This characteristic yields a high amount of aliasing which also follows an irregular pattern. In uniform data cases, the replication period in spectrum that conditions aliasing, is defined by the Nyquist frequency (F Ny ). , where t ave is the average sampling time interval. These assumptions are not well verified in practice and the more practical way to estimate the aliasing pattern remains in computing the spectral window on the frequency range of interest. The spectral window (W) is written as:

2 1 2 0 0 1 ) ( ∑ = = N k t f i k e N f W π
Where f 0 is the frequency of interest, N is the total number of points and t k are the irregular sampled times.

An example of a simulated test case is presented in the following figures. The recorded signal contains three vibration responses of frequencies F1, F2 and F3. The effect of irregular sampling on aliasing is illustrated by these figures. On figure 3, the spectral window of the original signal clearly indicates that the signal spectrum will replicate at twice the Nyquist frequency and its multiples. Whereas, on figure 4, the spectral window corresponding to the tip-timing version signal consists of a large content that complicates its interpretation as potential "replication frequencies".

In this large amount of frequencies, sampling frequencies corresponding to the minimum and average sampling times are observed (F t min and F t ave ). It is interesting to notice that the minimal frequency in the spectrum is the rotation frequency (see Fig. 5 for the zoom), which corresponds to the irregular sampling pattern time periodicity (F t rot ).

The corresponding signal spectrums are presented in figures 6 and 7; they are computed respectively with the Fast Fourier Transform and the Non-uniform Fourier Transform. In figure 7, as a consequence of irregular sampling and undersampling, the generated aliasing makes impossible the distinction of physical content. The next part presents the MVSE algorithm that is used to make that distinction easier. 

MVSE ALGORITHM

The minimum variance spectral estimator has recently been implemented for tip-timing data estimation, see [START_REF] Stéphan | Tip-timing data analysis for mistuned bladed discs assemblies[END_REF]. It is a high frequency estimator that gathers Capon's minimum variance algorithm and an iterative process of autocorrelation matrix updating, see respectively [START_REF] Stoica | Spectral analysis of signals, chap: Filter-bank methods[END_REF] and [START_REF] Greitans | Multiband signal processing by using nonuniform sampling and iterative updating of autocorrelation matrix[END_REF].

MVSE works as an adaptive finite impulse response filterbank. It consists in minimizing the filter output power, subject to the constraint that the filter passes the frequency of interest 0 f undistorted. The solution of this problem is based on the autocorrelation matrix which is updated at each iteration from the previous amplitude estimates. Convergence is estimated considering the relative difference of computed spectral powers between successive iterations.

Taking the signal of the previous part, MVSE final spectrum is presented on figure 8; aliasing has been considerably reduced and the three frequencies are now more visible. This realistic example shows the relevance of MVSE for tip-timing signal. However, aliased frequencies that remain still disturb blind analysis. The next part presents few methods that intend to reduce this problem. 

PROPOSED METHODS

In order to reduce remaining aliasing in the final spectrum, different methods have been studied. Their development comes from two observations:

-A specific irregular sampling pattern yields a specific irregular aliasing pattern. -

The lowest replication frequency is due to the rotation frequency, i.e. to the irregular sampling pattern time periodicity.

Multi-sampling method

From the first remark comes the idea of comparing several spectrums computed from different sampling patterns of a unique signal. This concept, called multi-sampling analysis, has been proposed in tip-timing context for the case of regularly sampled data, see [START_REF] Beauseroy | Nonintrusive turbomachine blade vibration measurement system[END_REF].

In concrete terms, multi-sampling analysis can be made from a unique group of N s sensors. From this original group, sub-groups are formed by removing one or several sensors. The number of removed sensors and thus, the number of possible sub-groups must be restricted by a data minimal necessary quantity. This quantity can be estimated considering the Landau theorem that links the minimal sampling rate to the total width of the frequency bands contained in the signal, see [START_REF] Landau | Necessary density conditions for sampling and interpolation of certain entire functions[END_REF].

For example, from an original group of 8 sensors, these groups can be compared:

group a: Then, the most relevant method to compare the final spectrums with each other is the inter-spectrum. Indeed, interspectrum enhances only the frequency components that both resulting spectrums have in common, in terms of phase and amplitude. Given that common frequency components are physical components, inter-spectrum makes physical content arise from aliasing.

According to its formulation, it is computed from pairs of sub-group:
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Where S grp n is the spectrum amplitudes computed from group n at frequency f i .

Therefore, if an artifact appears in only one spectrum at a given frequency, it disappears in the inter-spectrum. Likewise, if an artifact appears in both spectra at a given frequency, since it is an artifact, its representations in both spectra have neither the same phases nor the same amplitudes, and then it disappears in the inter-spectrum. Thus, multi-sampling method applied on different sensor groups yields an inter-spectrum where aliasing should not remain.

Random filtering

In the classic MVSE computing process, the data time window is divided in several successive filters with a certain amount of overlap. Amplitude estimates are computed from each filter and the final results consists in averaging estimates over filters.

Considering the second remark about the rotation frequency that generates the most of replications in the spectrum, it seems interesting to break the periodicity of the irregular time sampling pattern. Thus, this method selects filters within the time window following a random distribution. A uniform distribution is chosen to avoid information loss; the number of filters is increased as well.

This method can reduce aliasing by "hiding" the rotation periodicity that usually merges from sampled data.

Under-sampling method

This method is close to the random filtering method as it also consists in a random sampling. In fact, under-sampling method samples the tip-timing signal following a random distribution. It is the same idea as previously, i.e. the random sampling "breaks" rotation periodicity in time samples and disturbs the generated spectral replications due to this frequency.

The distribution used is also uniform. The sampling ratio, that defines the proportion of stored data from the tip-timing signal, is the same as in multi-sampling method:

S S N N ) 1 ( - .
Then the classic MVSE process is applied to that randomly under-sampled signal.

As the previous method, this pre-process made on signal can reduce aliasing by "hiding" the rotation periodicity that usually merges from sampled data.

REAL TEST CASES APPLICATIONS AND METHODS COMPARISON

It is recalled that usual estimation methods applied on tiptiming data are different whether the observed vibrations are synchronous or asynchronous. The aim of this study is to use the same method for both, thus to illustrate this capacity of conducting blind analysis, a comparison between proposed methods is presented on two test cases of different vibration response types (in order figures 9 -16). In both tests cases, the signal contains one frequency component, respectively at normalized frequencies 0.35 for the asynchronous test case and 0.6 for the synchronous test case. This information is known from strain gages measurements. This comparison is only made on frequency values because amplitudes comparison would require the use of a numerical model which is not the purpose of this paper.

Asynchronous test case

Global remarks can be visually made for both test cases:

-In both test cases resulting spectrums, none of the methods manage to reduce sufficiently one aliased frequency. These persistent frequencies are respectively equal to 0.03 and 0.96 for the asynchronous and the synchronous test cases.

-Multi-sampling methods appears to be the most relevant method for aliasing reduction. Relative amplitudes of artifacts (except for the persistent artifact frequency) over true frequency decreases from:

-40% (classic MVSE) to 15 % (Multisampling) for the asynchronous test case.

-20% (classic MVSE) to 10% (Multisampling) for the synchronous test case.

-Random filtering method slightly improves the result in the asynchronous test case; the relative amplitudes of artifacts (except for the persistent artifact frequency) over true frequency decreases from 40% (classic MVSE) to 30% (Random filtering). In the synchronous test case, aliasing pattern is changed but artifacts amplitudes do not decrease.

-When comparing neighbor methods of random filtering and under-sampling, it seems that under-sampling is the most relevant, because artifact amplitudes are more reduced.

Several numeric criteria are also computed to compare the resulting spectrum:

-Spectrum total power (P Spec ) It is defined as:
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where N f is the total number of frequencies contained in the frequency band of interest. As MVSE minimizes variance, it also minimizes the power of the filter output; thus we make the assumption that lower is the spectrum total power, and generally lower is the total amount of aliasing in the resulting spectrum. This criterion does not need any information on the measured vibration a priori. However, it is not sufficient to only consider this criterion for selecting the best result because the previous assumption is not validated in all the cases.

-Spectrum signal to noise ratio (SNR Spec ) It is defined as:
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where N comp is the total number of vibration frequencies contained in the signal. In our cases, the vibration frequencies are 0.35 for the asynchronous test case and 0.6 for the synchronous test case. This criterion clearly indicates how true content arises from noise; in our case, noise mostly consists of aliasing content and is not directly linked to the noise contained in the original time signal. Thus, greater is that criterion and better is the estimation. Nevertheless, the values of true frequencies are required for its computation.

-Spectrum Autocorrelation (S XX ) It is defined as:
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where N FB is the total number of frequencies contained in a frequency band of width equal to the frequency F. S XX is proposed to quantify the frequency periodicities that are in the spectrum, i.e. the amount of aliasing for each replication frequency F. In our cases, resulting spectrums replicate mostly at rotation frequency and its multiples (Fig. 5), thus this criterion is computed taking F equal to F rot , to estimate spectral patterns that replicate at rotation frequency and its multiples: S XX (F rot ). Thus, lower is that criterion and better is the estimation. This criterion can be computed taking initial time data only, that is to say without any information on true frequency values.

All the described criteria are considered for comparing methods because they complement each other. An indicator I is proposed to correlate the meanings of all criteria and quantify the global performance in terms of aliasing reduction.

It is written as: This indicator has been defined in order to increase when the amount of aliasing decreases. Thus greater is I and better is the estimation, in terms of aliasing reduction.

Tables 1 and2 For both test cases, multi-sampling method has the greatest indicator value, which confirms the previous remark that is the most efficient method.

The second most relevant method, which is close to the first one in the asynchronous test case, is the under-sampling method. Then comes the random filtering method which is slightly better than the classic MVSE.

As written before, the spectrum total power criterion sometimes shows an inverse trend than the final indicator. For instance, in the asynchronous test case, according to this criterion random filtering and under-sampling results should be worse than the classic ones, but the final indicator gives opposite conclusions. Therefore, this criterion gives important information but it has to be correlated with other criteria.

From the autocorrelation criterion, it can be noticed that under-sampling method is more efficient than random filtering method. In fact, as both methods rely on random distribution sampling it is interesting to remark that random sampling is more efficient when directly made on the whole signal than over filters (random filtering).

The high values of S XX for the multi-sampling method indicate that this method is particularly relevant at "breaking" the aliasing spectral pattern.

It is worth mentioning that the signal to noise ratio of the time signal has a low impact on the presented capabilities. Indeed, the MVSE algorithm is especially relevant at reducing noise that is not correlated to the physical content, which is generally the case in the presented experiments.

CONCLUSIONS

Multi-sampling method, random filtering and undersampling method, added to MVSE computing process, are getting closer to the expected blind analysis of vibrations. The most relevant method is the same for both test cases, which means that a unique method can be used whether the vibration response type.

The best relevant method is multi-sampling, thus it is more important to compare different irregular periodic sampling patterns that have the same rotation time periodicity (Multi-sampling method), than to "break" this periodicity in the signal by a random sampling (Random filtering, Undersampling methods). The rotation periodicity contained in time sampled data looses its influence on aliasing if different irregular sampling pattern are confronted. For all methods studied, a set of resulting test spectrums was computed. In the case of random filtering and undersampling methods, which use random distribution, several tests were made and the best result was selected from various criteria: spectrum SNR, total power and spectrum autocorrelation. For some of these criteria, it is necessary to know the true vibration frequency. In the case of multisampling, the different results come from all the possible pairs of sub-groups and the best result is selected as well. Thus, the difficulty lies in selecting the best resulting spectrum over tests without knowing the value of true frequency. In that sense, a simpler indicator that does not contain the SNR quantity has been used. However, investigations are being pursued to determine a more complete indicator that could be also based on convergence efficiency (for instance the number of iterations), or on amplitude variance over iterations.

To go further, another indicator is investigated in order to select the best relevant data directly from the rough time data. In that sense, signal characteristics such as total power are explored. The corresponding spectral windows, that give information on the spectral aliasing pattern, will be far more studied as well.

Future works will also concentrate on determining the cause of the persistent aliased frequencies. Indeed, as theses particular frequencies remain on all spectrums, whatever the sampling and even if one sensor is removed from the signal (multi-sampling method), they must be inherent to the measurement configuration (rotation speed, sensors locations, etc.). Therefore, investigations on spectral windows will also contribute to that issue.
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 12 Figure 1: Tip-timing instrumentation on bladed disk

  Nyquist frequency is a property of the sampling system. In irregular data cases, there is no accepted definition of the Nyquist frequency, because there is not a unique sampling time. Papers on irregularly sampled signals propose different methods to estimate the equivalent Nyquist frequency, see[START_REF] Babu | Spectral analysis of nonuniformly sampled data -a review[END_REF]. It can be defined as
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 3 Figure 3 and 4 show respectively the spectral windows computed from the original signal sampled times, and from the tip-timing version signal sampled times. The original signal has a sampling frequency higher than the Nyquist rate, while the tip-timing version of the signal, which follows an irregular rotation time periodic sampling pattern, has a low average sampling frequency.The effect of irregular sampling on aliasing is illustrated by these figures. On figure3, the spectral window of the original signal clearly indicates that the signal spectrum will replicate at twice the Nyquist frequency and its multiples. Whereas, on figure4, the spectral window corresponding to the tip-timing version signal consists of a large content that complicates its interpretation as potential "replication frequencies".In this large amount of frequencies, sampling frequencies corresponding to the minimum and average sampling times are observed (F t min and F t ave ). It is interesting to notice that the minimal frequency in the spectrum is the rotation frequency (see Fig.5for the zoom), which corresponds to the irregular sampling pattern time periodicity (F t rot ).

Figure 3 :Figure 4 :Figure 5 :Figure 6 :Figure 7 :

 34567 Figure 3: Spectral window of the original signal
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 8 Figure 8: MVSE final spectrum of tip-timing version of signal
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 9 Figure 9: Classic MVSE final spectrum

Table 1 : Criteria values for Asynchronous test case

 1 show the criteria values for both test cases.

	Method	Classic	Multi-sampling	Random filtering	Under-sampling
	P Spec	2.9	1.6	6.2	4.1
	SNR Spec	0.18	0.45	0.39	0.85
	S XX-Frot	7.1e -4	0.91e -4	17e -4	5.9e -4
	I	0.74	7.9	1.4	5.9
	Method	Classic	Multi-sampling	Random filtering	Under-sampling
	P Spec	12	4	11.2	7.7
	SNR Spec	0.63	4.9	0.80	1.2
	S XX-Frot	49e -4	6.4e -4	37e -4	23e -4
	I	1.6	31	2.4	4.1

Table 2 : Criteria values for Synchronous test case
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